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IN- SITU  MEASUREMENT  OF  THE  PROPERTIES  OF  CURING  SYSTEMS 
WITH  MICRODIELECTROMETRY 


S.  D.  Senturia,  N.  F.  Sheppard,  Jr.,  H.  L.  Lee,  and  D.  R.  Day 
Massachusetts  Institute  of  Technology 

I.  INTRODUCTION 

As  new  materials  and  cure  methods  are  developed,  the  ability  to  make 
direct  measurements  of  the  properties  of  curing  systems  is  central  both  to 
the  analysis  of  the  effects  of  a  modified  material  or  cure  method,  and  to  the 
evaluation  of  the  resulting  materials  for  practical  applications.  Mechanical 
and  rheological  methods  address  macroscopic  properties,  while  spectroscopic 
methods  address  properties  on  a  microscopic  molecular  level.  Dielectric 
methods  share  both  macroscopic  and  microscopic  features,  in  that  the  dipoles 
being  oriented  during  dielectric  measurements  are  of  microscopic  origin, 
whereas  the  degree  and  speed  of  their  orientation  may  depend  on  macroscopic 
properties  of  the  curing  system,  such  as  viscosity  and  the  tightness  of  the 
cross-linked  network. 

This  paper  addresses  the  in-situ  measurement  of  various  properties  of 
curing  systems  with  a  particular  dielectric  method  called  Mi crodi electrometry 
(1,2,3).  We  have  used  integrated  circuit  technology  to  develop  a 
miniaturized  dielectric  probe  that  combines  small  size  with  built-in 
amplification  to  achieve  sensitivity  at  frequencies  as  low  as  1  Hz.  The 
device  combines  a  planar  interdigitated  electrode  structure  with  a  pair  of 
matched  field-effect  transistors.  Calibration  is  based  entirely  on  the 
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details  of  the  electrode  geometry,  and  thus  is  stable  with  respect  to 
temperature  variations,  and  is  reproducible  from  device  to  device.  The 
Hi crodi electrometer  "chip"  can  be  implanted  in  a  bulk  specimen,  or  it  can  be 
used  by  placing  a  few  milMgrams  of  sample  on  the  active  device  region.  With 
suitable  packaging,  the  device  can  be  used  in  a  wide  range  of  environments, 
and  can  function  at  temperatures  up  to  250  C. 

We  have  used  Microdielectrometry  to  follow  the  changing  low  frequency 
dielectric  properties  of  a  variety  of  curing  systems,  including  amine  cured 
epoxies,  polyimides,  phenol ics,  and  various  rubbers.  Generally,  what  we 
measure  is  the  frequency  dependent  dielectric  permittivity  (e')  and 
dielectric  loss  factor  ( e" )  in  the  frequency  range  1-1000  Hz.  In  the 
specific  cases  to  be  discussed  in  this  paper,  these  dielectric  properties  are 
interpreted  in  terms  of  more  fundamental  properties  of  the  system,  such  as 
viscosity,  and  the  structure  of  the  cross-linked  network. 

We  have  studied  isothermal  cures  of  diglycidyl  ether  of  bisphenol  A 
(DGEBA)  with  m-phenylene  diamine  (MPDA)  at  temperatures  in  the  range 
60-100  C.  The  variation  of  e'  and  e"  with  frequency  at  any  instant  of  cure 
prior  to  gelation  can  be  used  to  determine  a  low-frequency  dielectric 
relaxation  time,  t ,  which  can  be  correlated  with  the  bulk  viscosity.  We  have 
also  examined  the  effect  of  the  diluent  phenyl  glycidyl  ether  (PGE)  on  DGEBA 
cured  with  di ami  nodi  phenyl sulfone  (DDS),  both  during  cure  at  140  C  and  in 
post-cure  ramped  temperature  studies.  It  is  found  that  as  little  as  5% 
diluent  produces  observable  changes  in  the  low-frequency  dielectric 
properties,  and  that  frequencies  below  10  Hz  are  more  sensitive  than  higher 
frequencies  to  the  effects  of  the  dominant  low- frequency  dielectric 
relaxation  associated  with  the  glass  transition. 
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II.  EXPERIMENTAL 


A.  Mi crodi electrometry. 

The  usual  method  for  making  measurements  of  dielectric  properties  is  to 
place  the  sample  between  closely  spaced  parallel  conducting  plates,  and  to 
monitor  the  AC  equivalent  capacitance  and  dissipation  factor  of  the  resulting 
capacitor.  The  capacitance  is  proportional  to  the  dielectric  permittivity 
(e')  at  the  measurement  frequency,  and  the  dissipation  factor  in  combination 
with  the  e'  value  can  be  used  to  extract  the  dielectric  loss  factor  (e“).  The 
calibration  of  the  measurement  depends  on  the  area  of  the  pi^te.  and  on  their 
spacing.  When  used  for  in-situ  measurements  in  curing  systems,  plate  spacing 
can  change  with  either  temperature  or  stress,  with  the  result  that  the 
calibration  for  e'  and  e"  can  be  affected.  However,  since  both  calibrations 
are  affected  equally  by  geometry  changes,  their  ratio,  the  loss  tangent 
(  =  e'/e"  ),  is  not  affected.  Hence,  when  making  conventional  measurements, 
one  often  monitors  loss  tangent  rather  then  e'  or  e"  during  cure. 

The  approach  taken  in  Mi crodi electrometry  is  fundamentally  different. 
Instead  of  using  a  parallel  plate  geometry,  both  electrodes  used  in  the 
dielectric  measurement  are  placed  on  the  same  surface  of  an  integrated 
circuit  (see  Fig.  1  for  a  schematic  top  view),  and  the  medium  to  be  studied 
is  placed  over  the  electrodes,  either  by  application  of  a  small  sample  or  by 
embedding  the  entire  integrated  circuit  in  the  curing  medium  (see  Fig.  ?  for 
a  schematic  cross  section  through  the  electrode  region).  Because  this 
electrode  geometry  is  less  efficient  than  parallel  plates  in  terms  of 
coupling  the  electric  field  through  the  sample  medium,  amplification  is 
required  in  the  form  of  a  field-effect  transistor  whose  gate  electrode  is  one 


of  the  two  i nterdigitated  electodes  (called  the  floating  gate;  see  Fig.  1). 

To  compensate  for  the  transistor  amplification  factor,  which  would  require  a 
complex  calibration  procedure  at  each  operating  temperature,  a  second 
identical  field-effect  transistor  is  simultaneously  fabricated  on  the  same 
integrated  circuit  (see  Fig.  3  for  a  microphotograph  of  the  device).  The 
second  field-effect  transistor  serves  as  a  reference  in  a  differential 
feedback  circuit,  the  details  of  which  have  been  published  elsewhere  (4).  The 
net  effect  of  the  two-transistor  plus  feedback  circuit  combination  is  that 
when  a  sinusoidal  signal  is  applied  to  the  driven  electrode,  the 
corresponding  sinusoidally  varying  voltage  that  appears  on  the  floating  gate 
can  be  measured  independent  of  transistor  amplification  factor.  This 
floating-gate  voltage  has  an  amplitude  and  phase  relative  to  the  drive  signal 
that  depends  on  the  geometry  of  the  device  and  on  the  dielectric  properties 
of  the  sample  medium.  The  device  geometry  is  both  stable  and  reproducible. 
Thus,  the  task  of  calibrating  the  measurement  reduces  to  relating  the 
measured  amplitude  and  phase  for  a  particular  device  geometry  to  the  specific 
values  of  z'  and  e"  for  the  sample. 

We  have  developed  a  computerized  instrumentation  system  for  use  in 
Microdielectometry  (see  Fig.  4).  A  Hewlett-Packard  HP85  calculator  serves  as 
controller  and  data-logger.  Archival  data  storage  is  done  on  tape  cassettes. 
Provision  is  made  for  making  programmed  measurements  at  many  different 
frequencies,  and  for  monitoring  temperature  during  the  experiment.  The 
calibration  of  the  basic  amplitude-phase  data  in  terms  of  e'  and  e"  (see 
below)  is  stored  in  the  caculator  memory  as  a  lookup  table  that  is  used  in 
conjunction  with  an  interpolation  program.  The  system  also  has  provision  for 
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operating  a  line  printer  and  a  graphics  plotter,  and  data  files  can  be 
transferred  to  other  computers  such  as  our  laboratory's  HP-1000  if 
large-scale  computations  are  required. 

B.  Calibration. 

The  fact  that  the  sensing  electrode  is  electrically  floating,  combined 
with  the  proximity  of  the  amplifier  to  that  electrode,  means  that  good 
signal-to-noise  ratio  can  be  achieved  at  very  low  frequencies.  However,  the 
electrode  geometry  is  more  difficult  to  calibrate  than  conventional  parallel 
plates.  We  have  approached  the  calibration  problem  by  setting  up  a  computer 
solution  to  the  two-dimensional  Laplace  equation  for  our  device  geometry 
assuming  that  the  material  is  both  isotropic  and  homogeneous  (5).  This 
approach  ignores  surface  and  electrode  effects,  but  permits  a  calculated 
calibration  to  be  obtained  for  all  ranges  of  e'  and  e”.  Figure  5  shows  a 
typical  set  of  calibration  curves.  Each  measurement  yields  an  amplitude  (gain 
in  decibels)  and  a  phase  (in  degrees).  Contours  of  constant  e*  and  £"  are 
plotted  in  this  gain-phase  space,  permitting  the  interpretation  of  measured 
data  in  terms  of  dielectric  properties. 

Experimental  verification  (and/or  modification)  of  the  calculated 
calibration  is  made  difficult  by  the  intrinsic  problem  of  preparing 
calibration  materials  with  known  dielectric  permittivity  and  loss  factor. 
Along  the  gain  axis,  however,  which  corresponds  to  low  loss  factor,  the 
contours  of  constant  bunch  together.  Therefore,  for  low-loss  materials, 
there  is  a  direct  correspondence  between  el'  and  gain.  We  have  verified  the 
calculated  e'  values  along  this  axis  with  various  low-loss  dielectric  fluids 
and  with  the  bare  device  in  air  (e'  =  1.0),  and  find  agreement  to  better  than 
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10%.  However,  at  low  values  of  e",  any  errors  in  phase  measurement  will  limit 
the  precision  of  the  e"  determination.  For  our  present  device  design, 
packaging,  cabling  arrangement,  and  choice  of  phase-measurement  instrument 
(HP  3575A) ,  phase  measurements  corresponding  to  £"  values  below  about  0.02 
cannot  be  reliably  interpreted.  There  is  nothing  fundamental  about  this 
limitation;  it  represents  the  present  state  of  our  progress  with  the 
calibration. 

There  is  another  difficult  portion  of  the  gain-phase  space, 
corresponding  to  high  loss  factors,  where  the  contours  of  constant  e'  bunch 
together.  In  this  region,  accurate  determination  of  e'  is  difficult. 
Furthermore ,  any  small  measurement  errors,  either  in  gain  or  phase,  can 
produce  errors  in  both  e'  and  e"  in  this  high-loss  region.  Our  present 
capabilities  allow  measurement  of  e"  up  to  about  100,  and  measurement  of  e' 
wherever  e"  is  less  than  about  30.  Outside  these  limits,  the  calibration  is 
not  valid  at  present. 

In  the  central  region  of  the  gain-phase  space,  where  contours  are  well 
spaced,  there  is  adequate  sensitivity  to  determine  both  e'  and  e"  to  within  a 
few  percent.  However,  the  absolute  accuracy  of  the  calibration  in  this  region 
has  not  yet  been  established.  Comparison  measurements  made  on  nominally 
identical  samples  using  devices  with  different  geometries  are  being  done  to 
explore  this  issue. 

C.  Samples  and  Measurements. 

The  materials  used  in  this  study  were  a  bifunctional  epoxy,  diglycidyl 
ether  of  bisphenol  A  (DGEBA),  having  an  epoxide  equivalent  weight  of  175;  a 


reactive  epoxide  diluent,  phenyl  glycidyl  ether  (PGE);  and  two  amine  curing 
agents,  m-phenylene  diamine  (MPDA),  and  diaminodip  nyl  sulfone  (DDS).  All 
epoxy-amine  samples  were  prepared  in  2-3  gram  batches  using  a  stoichiometric 
amount  of  epoxide  and  amine  functionalities.  The  components  were  weighed  out, 
melted  together  over  low  heat  until  dissolved,  cooled,  and  stored  in  a 
refrigerator  until  use,  for  at  most  a  period  of  a  week. 

Microdielectrometer  chips  having  aluminum  electrodes  with  a  between 
electrode  spacing  of  12  microns  and  having  electrode-to-substrate  spacings  of 
both  1000  nm  and  540  nm  were  fabricated  using  standard  MGS  'ology  in  the 
MIT  Microelectronics  Laboratory  (4).  The  individual  chips  were  attached  to 
TO-99  transistor  headers,  and  leads  were  attached  using  ultrasonically  bonded 
1  mil  aluminum  wire.  The  resin  samples  were  applied  to  the  electrode  area  by 
first  heating  the  resin  slightly  until  it  flowed,  then  applying  a  few  drops 
with  an  eyedropper.  The  experiments  were  performed  in  the  oven  of  a  modified 
gas  chromatograph,  which  permitted  isothermal  or  programmed  ramp  temperature 
cycles . 


III.  RESULTS 

A.  DGEBA-MPDA. 

Typical  results  (6)  for  the  time  dependence  of  e*  and  e"  for  the 
DGEBA-MPDA  system  at  60  and  100  C  are  shown  in  Figs.  6  and  7.  Data  are 
presented  for  three  frequencies  (a  total  of  seven  were  measured),  and  for 
devices  with  electrode-to-substrate  spacing  of  1000  nm  (devices  with  540  nm 
spacing  were  also  used).  Times  to  gelation  tg  for  this  resin  system  are  also 
shown  for  reference  (7).  Comparison  between  Figs.  6  and  7  shows  that  the 
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behavior  of  the  dielectric  properties  is  similar,  but  occurs  over  a  longer 
time  scale  as  the  temperature  is  decreased. 

An  obvious  result  from  the  data  is  that  both  e'  and  e"  are  strongly 
dispersive  (i.e.,  frequency  dependent).  Hindered  dipole  rotation  and  hindered 
bulk  conduction  (presumed  ionic)  can  each  lead  to  such  dispersion.  The  ideal 
Debye  model  for  hindered  rotation  is  illustrated  in  Fig.  8.  When  the  product 
ojt  is  small  (ui  is  the  angular  frequency,  t  the  dielectric  relaxation  time) , 
the  permittivity  is  large,  and  the  loss  is  low.  Near  wt  =  1  ,  £*  decreases  and 
e"  has  a  peak.  For  large  an,  the  permittivity  is  low  and  the  loss  is  low. 

The  effect  of  a  constant  bulk  conductivity  is  to  add  a  term  to  e"  eaual  to 
the  conductivity  divided  by  the  frequency.  However,  if  the  conductivity 
mechanism  is  itself  a  hindered  process,  with  its  own  relaxation  time,  such  a 
conductivity  gives  rise  both  to  a  modified  e"  and  to  a  term  in  e'  which  has 
the  same  form  as  for  the  Debye  model.  In  the  discussion  to  follow,  we  shall 
concentrate  on  the  apparent  Debye-like  behavior  of  e’  and  e"  observed  in  this 
particular  system,  while  for  the  experiments  renorted  in  the  following 
section,  we  shall  note  the  added  presence  of  an  apparent  bulk  conductivity 
contribution  to  e"  early  in  cure.  In  neither  case  can  we  prove  whether  the 
observed  Debye- like  behavior  is  due  to  the  hindered  dipole  rotation  or  to  the 
hindered  conduction  mechanism,  particularly  for  the  nre-pelation  behavior 
where  the  conductivity  might  be  expected  to  be  large. 

Turning  now  to  the  data,  and  with  the  Debye  model  in  mind,  one  can  see 
that  Figs.  6  and  7  show  two  Debye-like  relaxations:  a  large  relaxation  prior 
to  gelation,  and  a  smaller  relaxation  after  gelation.  The  frequency 
dependence  demonstrates  that  the  1  Hz  measurement  is  more  sensitive  to  these 
relaxations  than  higher  frequencies.  Increased  frequency  or  increased  extent 
of  cure  make  it  more  difficult  for  the  dipoles  to  respond  to  the  alternating 
electric  field. 

The  pre-pelatl on  data  from  all  six  experiments  (three  temperatures,  two 


device  geometries)  were  fitted  to  the  ideal  Debye  model,  and  the  time-  and 
temperature-dependent  dielectric  relaxation  time  vs  extracted,  as  shown  in 
Fig.  9-  For  any  one  device,  the  agreement  between  the  relaxation  times 
determined  from  different  frequencies  at  the  same  “lapsed  cure  time  was 
within  20 %,  whereas  the  agreement  between  the  relaxation  times  determined 
from  the  devices  with  different  oxide  thicknesses  at  the  same  cure 
temperature  was  within  50%.  Since  the  relaxation  time  changes  by  many  orders 
of  magnitude  during  cure,  this  degree  of  agreement  is  already  very  good. 
However,  the  results  indicate  that  further  refinements  of  the  calibration  may 
be  required. 

The  time  dependence  of  the  pre-gelation  relaxation  tir®  resembles  the 
time  dependence  of  the  viscosity  of  thermosetting  systems.  For  example,  the 
slope  of  a  log  viscosity  versus  time  plot  breaks  to  a  much  steeper  value  as 
cure  proceeds,  which  is  attributed  to  chain  entanglement  among  the  branched 
polymers  formed  early  in  cure  (8).  In  addition,  at  the  start  of  cure,  the 
higher  temperature  sample  has  a  lower  viscosity,  but  cures  faster,  so  its 
viscosity  versus  time  curve  will  cross  the  corresponding  curve  for  a  lower 
temperature.  The  data  of  Fig.  9  show  both  these  features.  To  illustrate  the 
excellent  correspondence  between  our  relaxation- time  data  and  the  viscosity 
data  reported  by  Kamal  (9),  Fig.  10  shows  an  Arrhenius  plot  of  the  time  to 
reach  8  sec  relaxation  time  and  Kamal' s  time  to  reach  4-00  poise  viscosity. 
The  points  fall  on  a  single  line  characterized  by  an  activation  energy  of 
11.5  Kcal/mole,  indicating  that  the  same  process  is  responsible  for  the 
behavior  of  both  the  viscosity  and  the  pre-gelation  relaxation  time. 

B.  PGE  Diluent  in  DGEBA-DDS. 

Phenyl  glycidyl  ether  (PGE)  is  a  monofunctional  epoxide  which  can  react 
with  an  amine  functionality,  reducing  the  ability  of  the  system  to  form 
crosslinks.  We  have  examined  the  effects  of  various  amounts  of  PGE  in  DGEBA 
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cured  with  di ami no diphenyl  sulfone  (DDS).  DDS  is  tetrafunctional ,  but  the  j 

the  effect  of  adding  PGE  diluent  can  be  viewed  as  reducing  the  effective 

functionality  of  the  amine.  At  33  phr,  the  effective  amine  functionality 

becomes  3*  and  at  100  phr,  the  functionality  becomes  2,  at  which  point  the 

system  tends  to  form  linear  polymer  rather  than  a  crosslinked  continuous 

network. 

Figures  11  and  12  show  e'  and  e",  respectively,  versus  cure  time  at 
140°C  for  each  of  four  frequencies  (  1,  10,  100  and  1000  Hz)  for  various 
amounts  of  diluent.  Measurements  were  also  made  at  100  phr,  with  results 
almost  identical  to  the  80  phr  data.  The  data  in  the  Figures  at  high  loss 
factor  have  been  manually  smoothed  to  improve  visibility.  The  raw  data  showed 
considerable  noise  above  e'  values  of  30,  consistent  with  the  calibration 
difficulties  described  earlier. 

Referring  first  to  Fig.  11,  the  post-gelation  relaxation,  at  least  for 
0,  20,  and  40  phr  resembles  the  results  presented  for  the  DGEBA-MPDA  system. 

The  pre-gelation  relaxation  observed  for  the  DGEBA-MPDA  system  (Fig.  6 
and  7),  and  expected  at  90  min.  for  this  system  based  on  the  data  of 
Babayevsky  and  Gillham  (10),  is  not  seen  in  Fig.  11  because  the  relatively 
high  bulk  conductivities  which  occur  at  low  cure  times  result  in  data  that 
are  beyond  the  present  calibration  capability.  (The  effect  of  a  bulk 
conductivity  is  to  add  to  e"  a  term  equal  to  the  conductivity  divided  by  the 
frequency.)  The  conductivity  decreases  with  cure  time,  but  is  still  large 
enough  to  wash  out  the  post-gelation  loss  peaks  in  Fig.  12,  except  at 
1000  Hz. 

The  most  striking  feature  of  the  data  is  the  similarity  of  the  general 
shapes  of  the  data  for  all  diluent  levels,  excepting  only  the  marked  slowing 
of  the  apparent  cure  rate  with  increasing  amounts  of  diluent.  In  the  case  of 
80  phr,  the  data  show  that  the  cure  reaction  has  almost  ceased  at  360  min. 
yet  the  t'  values  at  low  frequencies  have  not  decreased  nearly  as  much  as 
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those  e’  values  of  less  diluted  samples  for  corresponding  times,  'this  is 
consistent  with  the  presence  of  diluent.  That  is,  with  diluent  present,  fewer 
crosslinks  are  formed,  and  the  reaction  ceases  witn  a  molecular  network  that 
is  similar  to  what  a  partially  cured  non-diluted  sample  would  exhibit  if 
quenched  during  cure.  This  suggests  that  the  glass  transition  temperatures  of 
the  samples  should  show  a  steady  decrease  with  increasing  amounts  of  diluent, 
and  a  post-cure  ramped  temperature  experiment  was  carried  out  to  examine  this 
possibility. 

Figures  13  and  14  show  the  e'  and  e"  data  at  1  Hz  for  a  set  of  samples 
first  cured  at  140“C  for  six  hours,  then  cooled  to  room  temperature,  then 
subjected  to  a  temperature  ramp  at  1  deg/min  up  to  150  C.  Referring  first  to 
Fig.  13,  note  the  clear  1  Hz  dielectric  relaxation  between  90  and  120  C  for 
the  40  phr  sample.  This  relaxation  goes  between  e'  values  of  5  and  14,  and 
corresponds  to  what  would  be  expected  for  the  glass  transition.  Note  also 
that  at  80  phr,  the  corresponding  relaxation  is  completed  by  85  C,  while  for 
20  phr,  it  is  just  beginning  at  125  C.  For  the  undiluted  specimen,  only  the 
faintest  onset  of  this  relaxation  is  evident,  even  at  150  C,  which  is  10 
degrees  above  the  cure  temperature. 

The  e"  post-cure  data  of  Fig.  14  correspond  to  what  would  be  expected 
from  the  e'  data,  provided  a  thermally  activated  conductivity  term  is  added 
to  e" •  The  initial  increase  in  e"  with  temperature  (Fig.  14)  result  from 
dipole  relaxations  and  agrees  with  what  would  be  expected  from  the 
corresponding  e'  relaxations  (Fig  13)-  After  the  plateau  in  e"  (the  peak  of 
the  dipole  loss)  the  thermally  activated  conductivity  takes  over  causing  a 
continued  increase  in  e"  with  temperature.  For  the  undiluted  specimen,  onlv 
slight  evidence  of  the  dipole  relaxation  is  evident  at  150  C.  j 
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The  large  sensitivity  of  the  post-cure  e"  data  to  diluent  concentration 
led  us  to  perform  additional  experiments  with  5  and  10  phr.  The  e"  data  for 
post-cure  temperature  ramps  are  shown  in  Fig.  15.  Note  that  as  little  as  5 
phr  diluent  produces  observable  changes  in  the  e"  value  at  1  Hz.  Note  further 
that  even  with  10  phr  diluent,  the  1  Hz  dielectric  relaxation  peak  associated 
with  the  glass  transition  has  not  yet  appeared,  even  at  150  C  for  samples 
cured  six  hours  at  140  C. 

All  of  the  post-cure  data  can  be  summarized  by  somewhat  arbitrarily 
selecting  the  "1  Hz  loss  peak  temperature"  as  indicative  of  the  glass 
transition.  Using  the  Debye  model  for  interpretation  of  the  e'  data,  this 
temperature  corresponds  to  the  point  at  which  e'  =  10.  The  e*  =  10 
temperature  is  plotted  against  diluent  concentration  in  Fig.  16.  If  this  were 
a  true  plot  of  glass  transition,  one  would  expect  the  zero  diluent  case  to 
have  a  point  at  140  C,  the  cure  temperature,  and  the  diluted  samples  to  have 
progressively  lower  glass  transition  temperatures  (11).  In  our  case,  even  the 
20  phr  sample  has  not  gone  through  its  loss  peak  at  140  C.  However,  the 
general  behavior  of  the  data  with  diluent  concentration  is  reasonable.  The 
conclusion  from  these  results  is  that  in  spite  of  the  fact  that  1  Hz  is  a 
very  low  frequency  at  which  to  make  dielectric  measurements,  it  is  still  not 
low  enough  to  be  considered  "near  zero".  If  one  raises  the  undiluted  specimen 
to  the  temperature  at  which  it  was  cured,  internal  dipole  orientations  at 
1  Hz  are  still  effectively  quenched.  One  must  raise  the  temperature  well 
above  140  C  before  a  1  Hz  measurement  will  show  a  loss  peak.  In  our  case, 
even  with  20  phr,  the  loss  peak  at  1  Hz  occurs  above  the  cure  temperture. 


IV.  DISCUSSION 


This  paper  has  demonstrated  the  use  of  Micro<  electrometry  for  the  study 
of  curing  in  two  epoxy-amine  systems.  A  major  conclusion  is  that  for  studies 
of  the  networks  formed  during  cure,  there  is  a  significant  advantage  in  being 
able  to  extend  the  low-frequency  limit  of  the  experiment  as  far  as  possible. 
Indeed,  with  the  diluent  example,  it  is  seen  that  even  1  Hz,  which  is  already 
well  below  the  lowest  frequency  available  with  conventional  dielectric 
instrumentation,  is  still  "too  high"  to  make  accurate  glass  transition 
temperature  determinations.  Furthermore,  our  results  clean.,  demonstrate  the 
value  of  being  able  to  make  measurements  at  multiple  frequencies  in  real 
time.  For  example,  the  frequency  dependence  of  e'  and  e"  at  any  instant  can 
be  analyzed  in  terms  of  models  of  dielectric  relaxation,  such  as  the 
viscosity  in  the  case  of  pre-gelation  data. 

An  important  direction  for  future  work,  in  addition  to  further 
exploration  of  the  dielectric  properties  of  networks  formed  with  diulent,  is 
to  extend  the  measurement  technique  to  even  lower  frequencies.  Work  is 
presently  under  way  on  a  Fourier  transform  spectroscopy  equivalent  of 
Microdielectrometry,  with  which  the  low  frequency  limit  should  be  easily 
extendable  to  0.1  Hz  or  below. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  view  of  active  portion  of  Microdielectrometer 

chip.  CFT  refers  to  "floating-gate  charge  low  transistor", 
of  which  the  Microdielectrometer  is  an  example. 

Fig.  2.  Schematic  cross-section  through  electrode  region. 

Fig.  3.  Photomicrograph  of  chip.  Dimensions  are  75  x  75  mils. 

Fig.  A.  Block  diagram  of  Microdielectrometry  instrumentation. 

Fig.  5.  Calculated  calibration  curves  for  the  Microdielectrometer  chip. 

Fig.  6.  Time  dependence  of  e'  and  e"  for  DGEBA-MPDA  cured  at  60DC. 

Fig.  7.  Time  dependence  of  e’  and  c”  for  DGEBA-MPDA  cured  ac  1LC°C. 

Fig.  8.  Dependence  of  e'  and  e"  on  the  mr  product  for  an  ideal 
Debye  relaxation. 

Fig.  9.  Time-  and  temperature-dependence  of  the  dielectric  relaxation 
time  of  DGEBA-MPDA  prior  to  gelation. 

Fig.  10.  Arrhenius  plot  showing  correlation  between  dielectric  relaxation 
time  and  viscosity  (Ref.  9). 

Fig.  11.  Permittivity  e’  versus  cure  time  at  1,  10,  100,  and  1000  Hz  for 
0,  20,  A0,  and  80  phr  PGE  in  DGEBA-DDS .  Cure  is  at  140°C. 

Fig.  12.  Loss  factor  e"  corresponding  to  the  conditions  of  Fig.  11. 

Fig.  13.  Post-cure  behavior  of  e'  behavior  at  1  Hz  for  DGEBA-DDS  diluted 

with  PGE.  Heating  rate  is  l°/min. 

Fig.  1A.  Loss  factor  data  corresponding  to  Fig.  13. 

Fig.  15.  Loss  factor  data  at  0,  5,  10,  and  20  phr  PGE  in  DGEBA-DDS  measured 
at  1  Hz.  Heating  reat  is  l°/min. 

Fig.  16.  Effect  of  PGE  concentration  on  1  Hz  relaxation  temperature. 
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